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Adding fifth dimension to optoacoustic imaging:
volumetric time-resolved spectrally enriched tomography

Xosé Luı́s Deán-Ben and Daniel Razansky

Optoacoustics provides a unique set of capabilities for bioimaging, associated with the intrinsic combination of ultrasound- and

light-related advantages, such as high spatial and temporal resolution as well as powerful spectrally enriched imaging contrast in

biological tissues. We demonstrate here, for the first time, the acquisition, processing and visualization of five-dimensional

optoacoustic data, thus offering unparallel imaging capacities among the current bioimaging modalities. The newly discovered

performance is enabled by simultaneous volumetric detection and processing of multispectral data and is further showcased here

by attaining time-resolved volumetric blood oxygenation maps in deep human vessels and real-time tracking of contrast agent

distribution in a murine model in vivo.
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INTRODUCTION

More than a century ago, A G Bell and C S Tainter first detected sound

waves generated by an intensity modulated beam of sunlight.1

Measurement of ultrasonic waves, induced by absorption of short-

pulsed light in tissue chromophores, is also the basic principle behind

modern optoacoustic imaging.2 Yet, despite the ancient discovery of

the basic physical phenomenon, it was not until very recently that

optoacoustics was first applied to biomedical imaging, experiencing

an exponential growth of technical developments and related applica-

tions in the last decade.3–6 Being a time-resolved signal, a single optoa-

coustic waveform may provide one-dimensional depth profiling

information, similarly to A-mode visualizations in ultrasound

imaging.7 Thereby, the simplest way of acquiring two- or three-

dimensional (3D) optoacoustic images consists of using linear raster

scanning of a spherically focused ultrasonic transducer along the

surface of the imaged object and stacking up sets of the measured

signals, a method utilized by most existing optoacoustic microscopy

set-ups.4,8–10

However, scanning imaging systems are generally afflictedwith long

acquisition times, while focused detection inevitably results in out-of-

focus artifacts, leading to lack of quantification and overall reduced

image quality.11 Alternatively, optoacoustic tomographic systems

have been suggested, based on simultaneous acquisition of optoacous-

tically induced signals at multiple locations surrounding the imaged

object.12One recent approach utilized parallel detection of optoacous-

tic signals with an array of cylindrically focused ultrasonic transducers

in order to generate high-resolution cross-sectional images at video

rate.13 The real-time performance has dramatically reduced image

artifacts associated with motion, such as heart beat and breathing.

Furthermore, visualization of dynamic processes, including hemody-

namic changes, imaging of kinetics and real-time biodistribution of

contrast agents, has become possible.14,15 Yet, in this way, volumetric

imaging can only be achieved by scanning the detection array along

the imaged object, while the overall quasi-two-dimensional approach

introduces significant challenges associated with out-of-plane signals.16

More recently, feasibility of four-dimensional imaging, i.e., 3D imaging

in real time, was also showcased with a system based on simultaneous

unfocused detection of signals at multiple locations densely distributed

on a spherical surface.17,18

In all cases, the time resolution of the imaging method is limited by

the pulse repetition rate of the laser employed and is further reduced if

acquisition of data at multiple wavelengths is done, thus eliminating

the possibility of real-time imaging due to the time lapse for wave-

length tuning. Multispectral imaging, however, presents important

advantages in efficient visualization of spectrally distinct tissue chro-

mophores as well as extrinsically administered biomarkers in the pre-

sence of highly absorbing background. By imaging at different optical

wavelengths, multispectral optoacoustic tomography provides spec-

tral specificity using an additional (wavelength) dimension. As a large

variety of substances present a characteristic absorption spectrum in

the visible and near infrared, multispectral optoacoustic tomography

provides a versatile way of interrogation and visualization of func-

tional andmolecular processes in living tissues, with multiple applica-

tions in small animal research continuously emerging,19 while

promising prospects for clinical applications are further envi-

sioned.6,20An alternative approach to obtain multispectral information

in real time consists in simultaneously collecting the signals generated

by two laser pulses shifted in time by the order of microseconds.21,22
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However, biological tissues always contain multiple (more than two)

spectrally distinct chromophores, thus, in general, more than two

optical wavelengths are necessary to perform efficient spectral unmix-

ing of the different absorbing substances.

Here we overcome the existing limitations by designing a novel

optoacoustic imaging system that is able to acquire, process and visu-

alize five-dimensional (5D) optoacoustic data, i.e., deliver volumetric

spectrally enriched tomography in real time, offering an unparallel

imaging performance among the current bioimaging modalities.

This is achieved by using a newly developed high pulse repetition rate

laser with fast wavelength tuning capabilities, combined with si-

multaneous detection of 3D optoacoustic data over a spherical surface

surrounding the object.

MATERIALS AND METHODS

Experimental set-up

The experimental system is depicted in Figure 1. It consists of a

laser light source, custom-made spherical array ultrasonic probe23,

parallel acquisition system and a computer. The illumination

source is a custom-made optical parametric oscillator-based laser,

generating 5 ns duration pulses with energy of up to 20 mJ at a

pulse repetition rate of up to 50 Hz (Innolas Laser GmbH,

Krailling, Germany). A dedicated tuning system based on fast

mechanical rotation of the optical parametric oscillator crystal

has been developed that allows changing the wavelength to any

value between 700 and 900 nm on a per-pulse basis. In this way,

it only takes 100 ms to acquire an entire volumetric multispectral

dataset at five different wavelengths. The light beam is guided

through a custom-made fiber bundle (CeramOptec GmbH, Bonn,

Germany) toward the imaged object. The bundle is terminated in

the center of the spherical detection surface and the beam reaches

the surface of the object with a spot size of approximately 1 cm. The

optoacoustically generated volumetric data are collected by the

matrix array consisting of 256 adjacent piezoelectric elements with

a size of approximately 333 mm2 densely placed on the spherical

surface, which covers a solid angle of 906. This configuration, having

relatively large and densely packed detection elements, further ensures

optimal signal-to-noise ratio performance and ability to collect high

quality volumetric data for each illumination pulse without signal

averaging. Furthermore, all elements are conveniently oriented

towards the center of the sphere in order to provide good sensitivity

in the imaged region of interest. The detection elements are centered

around 4MHz and have an available bandwidth of about 100%, which

corresponds to a spatial resolution of approximately 200 mm in the

center of the imaged region (geometrical center of the sphere). The

pressure signals, received by all the elements, are simultaneously

sampled at 2030 instants with a sampling frequency of 40 megasam-

ples per second. This is done by a custom-made data acquisition

system (Falkenstein Mikrosysteme GmbH, Taufkirchen, Germany)

consisting of 256 parallel analog to digital converters arranged in eight

acquisition cards, simultaneously processing 32 channels each. This

provides simultaneous acquisition of the optoacoustic signals at the

pulse repetition rate of the laser and their subsequent transmission to

a personal computer through a 1 Gbit ethernet connection. The spher-

ical ultrasonic array is matched to the imaged object using a transpar-

ent membrane, whereas the space between the membrane and the

detection surface is filled with a matching fluid (water). Its transpar-

ency also guarantees efficient illumination of the object through the

fiber bundle without energy loss.

Image reconstruction methods

On-the-fly reconstruction and visualization of single-wavelength 3D

images is enabled by graphics processing unit-based processing. Prior

to image reconstruction, the acquired signals are deconvolved with the

electrical impulse response of the array elements and band-pass fil-

tered with cutoff frequencies between 0.1 and 5 MHz. The size of the

reconstructed 3D region of interest was set to 1531537 mm3

(1503150370 voxels). From themultiple volumetric images retrieved

at the measured wavelengths, distribution maps of different chromo-

phores were subsequently retrieved by utilizing an unmixing proc-

edure that consisted of least-square fitting the reconstructed optical

absorption to the molar extinction coefficients of the tissue chromo-

phores (Figure 2a). The unmixing procedure has been previously

described.3 Real-time image visualization during data acquisition is

enabled by our current graphics processing unit implementation,

which is able to perform 3D backprojection reconstruction and spec-

tral unmixing in less than 20 ms. Nevertheless, for best quantitative

performance in processing of the multispectral data, optoacoustic

image reconstruction for the spectrally unmixed images presented

here was instead performed offline with a 3D model-based inversion

algorithm.24

In vivo human imaging

Human imaging experiments were done in full accordance with work

safety regulations of Helmholtz Center Munich. The pulse repetition

rate of the laser and the per-pulse energy are selected in a way so that

laser safety standards for clinical measurements are fulfilled at all

times.25 The in vivo experiments were conducted in the wrist region

of a healthy volunteer. Prior to the experiments, hair was removed

around the imaged region in order to avoid image artifacts due to

strong optoacoustic signals from the skin surface. During imaging,

the hand-held probe was gently moved along the skin surface with

an average speed of approximately 2 mm s21 while acquiring the

multispectral volumetric data.

Data acquisition system

Probe

Laser

Fiber

bundle

PC

Figure 1 Schematics and the clinical hand-held optoacoustic imaging scanner.

Optical illumination is provided with a fiber bundle guiding the ouptut beam of the

laser. The optoacoustic probe is acoustically matched to the imaged tissue by

means of a transparent membrane containing a coupling fluid (water). A 1-Gbit

ethernet connection is used to transmit the optoacoustic signals collected with

the data acquisition system to a personal computer, where GPU-based data

processing is performed to attain real-time visualization. GPU, graphics proces-

sing unit.
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In vivo mouse imaging

Procedures involving animals and their care were conducted in con-

formity with institutional guidelines and with approval from the

Government of Upper Bavaria. Eight-week-old female nude CD-1

mice were anaesthetized with 2% isoflurane throughout the experi-

ments. The head of the mouse was arranged on top of the hand-held

probe in a supine position (Figure 3a). Brain vasculature of the mouse

was tracked over 36 s starting 5 s before injection of the indocyanine

green (ICG) contrast agent (PULSION Medical Systems SE,

Feldkirchen, Germany). This particular agent was selected for demon-

stration purposes due to its well-studied fluorescence and optoacous-

tic properties. It is an FDA-approved, water-soluble, inert anionic

tricarbocyanine dye that has been established as a tool to investigate

a variety of different clinical endpoints. For the 5D in vivo imaging

study of ICG kinetics, 10 nmol or 50 nmol of ICG was injected i.v.

diluted in 50 mL of saline.

RESULTS

In vivo human imaging has been subsequently demonstrated in a

healthy volunteer. The pulsed laser fluence on the skin surface was

kept below the exposure safety limits of 20 mJ cm22 for the entire

duration of the experiments.25 The measurements were done in the

wrist region, having large variety of vasculature of different sizes,

depth and oxygenation levels, as well as amelanin-rich skin pigmenta-

tion, which presents characteristic spectral variations in addition to

oxygenated and deoxygenated hemoglobin. The absorption spectra of

the different tissue chromophores are displayed in Figure 2c in arbit-

rary units. The 5D optoacoustic imaging experiments were done by

real-time acquisition of volumetric datasets at multiple wavelengths

between 730 and 850 nm, corresponding to a monotonic decrease in

the absorption of melanin, a monotonic increase in the absorption of

oxygenated hemoglobin and a characteristic peak in the absorption of

deoxygenated hemoglobin. It was further assumed that tissue absorp-

tion is mainly due to the above mentioned three dominant chromo-

phores. Measurements were performed by scanning the hand-held

probe along the skin surface.

Experimental results are presented in Figure 2a. The matrix of

images corresponds to the 5D data set, i.e., each volumetric image

was acquired at a different wavelength and time instant during the

experiment. Fast wavelength tuning ensured that no significant

motion occurred during acquisition of the multiwavelength datasets

at a certain location of the hand-held probe. The characteristic spectral

variations of different vessels can be readily perceived in the single-

wavelength images. For instance, the optical absorption in the vessel

marked ‘A’ in Figure 2a presents a peak at 760 nm and decreases for

longer wavelengths, which indicates presence of deoxygenated hemo-

globin. On the other hand, the optical absorption in the vessel marked

‘B’ in Figure 2b monotonically increases with wavelength, represent-

ing characteristic spectral behavior of oxygenated hemoglobin. A

strongly absorbing skin pigmentation can be further identified in

the central part of the images acquired at the t510 s time point

(marked ‘C’ in Figure 2a), indicating a clearly decreasing absorption

with wavelength due to its high melanin content. The unmixed

images, representing distribution of the individual tissue chromo-

phores at three distinct time points, are further shown in Figure 2b.

Finally, the entire series of multispectral optoacoustic images,

acquired during manual scanning of the probe, is available as

Supplemetary Movie 1. Despite the fast wavelength tuning capability

of the laser, which was designed to overcome image artifacts associated

withmotion between images acquired at different wavelengths, certain

motion artifacts were still present in small number of image frames,

mainly due to irregular movements of the hand-held probe manually

scanned by the user. Frames containing motion artifacts were elimi-

nated in post processing by correlating images acquired at different

wavelengths.

Figure 3 shows results of an in vivomouse brain imaging experiment

that monitored an intravenous injection of ICG. As described in detail

in the section on ‘Materials and methods’, the ultrasound array

remained in a fixed position throughout the measurement, while

the head of the anesthetized mouse was placed on top of the hand-

held probe in a supine position (Figure 3a). The ICG contrast agent

was tracked over 36 s during injection. Figure 3b shows typical max-

imum intensity projection images of the brain vasculature before

(baseline) and after injection of two different concentrations of ICG

at a wavelength of 800 nm, corresponding to the peak absorption of

the probe. The contrast agent can be readily identified in the single

wavelength images when a relatively high amount (50 nmol) of the

probe is injected into themouse. However, this is certainly not the case
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Figure 2 Demonstration of five-dimensional optoacoustic imaging in a healthy volunteer in vivo using the hand-held probe. (a) Two-dimensional matrix of recon-

structed volumetric optoacoustic images (maximal intensity projection along the depth direction is shown). Each image corresponds to data taken at a different

wavelength and a different time point, thus, effectively rendering five-dimensional data set. (b) For each time point, the wavelength-dependent data are unmixed in

order to render, in real time, distribution maps of three different intrinsic tissue chromophores. (c) Photograph from a human forearm, from which the images were

taken. Spectral dependence of the optical absorption of the threemain tissue chromophores is also shown. The colored frames correspond to the region of interest from

which the data were acquired for each of the three time points shown in (a).
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when amore realistic amount of only 10 nmol is injected, in which case

the agent is not easily distinguishable due to its relatively low concen-

tration in the highly absorbing blood background. In contrast, spectral

processing of the real-time multiwavelength data clearly reveals bio-

distribution of the agent in real time, as shown in Figure 3c. The actual

performance can be best appreciated in Supplementary Movie 2,

showing rotational 3D movie of the brain vasculature as the agent

distributes through it.

As compared to the experiment presented in Figure 2, the latter

experiment demonstrates a different application of 5D optoacoustic

data for visualization of dynamic events in vivo. While for the human

wrist imaging, the biological data remained stationary with the hand-

held probe moved in order to visualize different parts of the body, the

mouse experiments have demonstrated the capability of acquiring

dynamicmultispectral biological data in real time as the contrast agent

was distributing through the brain vasculature.

The current work represents a significant improvement in the sen-

sitivity of optoacoustic tomography for deep tissue imaging applica-

tions as previous whole-body mouse imaging implementations have

employed much higher dye concentrations of 40 nmol and more in

systemic in vivo injections.13,14 We believe that this could be partially

attributed to the more quantitative nature of the present 3D imaging

configuration versus quasi-two-dimensional data collection systems

that introduce significant inaccuracies and artifacts associated with

out-of-plane signals.16 Yet, the achievable sensitivity in deep tissue

multispectral optoacoustic imaging depends on multiple additional

factors, such as the signal-to-noise ratio of the acquired signals, per-

pulse energy oscillations, wavelength-dependent light attenuation or

the unmixing algorithm employed.19,26,27 The quantification issue is

on its own a complicated and long-standing challenge28 that deserves a

separate attention. Generally, the amplitude of optoacoustic signals is

a nonlinear product of the non-uniform light fluence in tissue, the

heterogenous optical absorption coefficient and the tissue-dependent

Grüneisen parameter.29 The absorption coefficient itself is propor-

tional to the added contribution of absorption by different chromo-

phores, each represented by a product of its molar extinction

coefficient and concentration. In order to provide quantitative values

of the concentration of different chromophores, one must also

account for the strong (and generally unknown) wavelength-depen-

dent light fluence distribution29 and the spatial distribution of

the Grüneisen parameter,30 as well as acoustic heterogeneities31–33

and attenuation34 in the object. Furthermore, a correct calibration

of the space- and frequency-dependent sensitivity of the ultrasonic

transducers35,36 is needed to relate the collected voltage to the actual

optoacoustic pressure. Even though in the current work we were

clearly able to attain reasonable qualitative values regarding relative

concentration of the different tissue chromophores and dynamics of

the dye biodistribution, we are still restrained from claiming absolute

quantification for imaging at a centimeter-scale depth. This topic

would indeed require intensive investigations in the years to come.

CONCLUSIONS

In summary, the results presented herein demonstrate, for the first

time to our knowledge, the feasibility of optoacoustic imaging in five

dimensions, i.e., rendering volumetric images of spectrally resolved

optoacoustic data in real time. These never-seen-before capacities of

the optoacoustic technology open new prospects with several impor-

tant applications envisioned in clinical practice as well as in preclinical

research. The convenience of the hand-held operation, combined with

the real-time visualization performance in 3D, makes our system ideal

for studying functional blood parameters in a real clinical setting, e.g.,

for diagnostic purposes of peripheral vasculature disease, breast

lesions, lymph nodes and other indications. The ability to track bio-

distribution of specific substances in real time and in the entire volume

of interest may further open new possibilities in small animal imaging

applications, e.g., in vivo cell tracking, visualization of pharmacoki-

netics, targeted molecular imaging studies and neuroimaging. Finally,

the spectral unmixing capabilities can be used in order to simulta-

neously visualize several spectrally distinct endogenous chromophores

and extrinsically administered contrast agents. Clearly, visualization

of higher number of targets would require increasing the number of

scanned wavelengths, which would slow down the imaging frame rate.
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Figure 3 Five-dimensional imaging ofmouse brain perfusion in vivo. (a) Layout of the experimental set-up. (b) Single-wavelength images (maximal intensity projection

along the depth direction) acquired before and after injection of the ICG contrast agent. Results for two different concentrations are shown. When 10 nmol of ICG was

injected, the contrast agent cannot be easily distinguished from the background blood absorption. Different structures in the mouse brain are indicated in the figure,

supraorbital veins (sv), inferior cerebral vein (icv), superior sagital sinus (sss), confluence of sinuses (cs) and transverse sinus (ts). (c) Time series of images after

spectral unmixing of multiwavelength data, taken for the 10 nmol experiment, clearly reveals the inflow of the agent in vivo and in real time. ICG, indocyanine green.
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Our future work will therefore concentrate on increasing wavelength

tuning speed to enable faster frame rates as well as addressing other

important algorithmic challenges, such as quantification and sensitiv-

ity of spectrally unmixed images.
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